RNase E of Escherichia coli is an essential endoribonuclease that is involved in many aspects of RNA metabolism. Point mutations in the S1 RNAbinding domain of RNase E (rne-1 and rne-3071) lead to temperature-sensitive growth along with defects in 5S rRNA processing, mRNA decay and tRNA maturation. However, it is not clear whether RNase E acts similarly on all kinds of RNA substrates. Here we report the isolation and characterization of three independent intragenic second-site suppressors of the rne-1 and rne-3071 alleles that demonstrate for the first time the dissociation of the in vivo activity of RNase E on mRNA versus tRNA and rRNA substrates. Specifically, tRNA maturation and 9S rRNA processing were restored to wild-type levels in each of the three suppressor mutants (rne-1/172, rne-1/186 and rne-1/187), while mRNA decay and autoregulation of RNase E protein levels remained as defective as in the rne-1 single mutant. Each single amino acid substitution (Gly!Ala at amino acid 172; Phe ! Cys at amino acid 186 and Arg ! Leu at amino acid 187) mapped within the 5' sensor region of the RNase E protein. Molecular models of RNase E suggest how suppression may occur.
INTRODUCTION
Ribonuclease E (RNase E, encoded by the rne gene) is an essential endonuclease in Escherichia coli that plays a major role in many aspects of RNA metabolism (1, 2) . It is involved in the decay of a large number of mRNAs (3) (4) (5) , the processing of 5S rRNA (3, 6 ) and the maturation of many tRNA precursors (7, 8) . RNase E, a 1061 aa protein, is comprised of two distinct regions of defined function: a highly conserved amino-terminal portion of the polypeptide that contains the substrate-binding and catalytic domains (9) ; and a non-catalytic, largely unstructured, less conserved carboxy-terminal region that also acts as a scaffold for a multienzyme complex called the degradosome (10) (Figure 1 ). The degradosome includes the 3 0 !5 0 exonuclease polynucleotide phosphorylase (PNPase), the ATP-dependent DEAD-box RNA helicase (RhlB) and the glycolytic enzyme enolase (11) (12) (13) (14) .
The degradosome has been implicated in the degradation of untranslated mRNAs (15) (16) (17) (18) , the sensing of intracellular levels of poly(A) (19) , and autoregulation of RNase E synthesis (3, 20) . However, general mRNA decay is not significantly impaired in the absence of degradosome assembly (3) . Autoregulation of RNase E levels is achieved by cleaving specific sequences within the 5 0 untranslated region (UTR) of the rne transcript (21, 22) , leading to its rapid decay. Defects in the activity of RNase E impair autoregulation by increasing the stability of the rne transcript and result in higher intracellular levels of the protein (3, 21) .
Because of its essential nature, RNase E has been the subject of extensive genetic, biochemical and structural studies aimed at understanding its precise biological role and mechanism of action. According to the threedimensional crystal structure of the catalytic domain (23) , the N-terminal 415-residue polypeptide folds into five distinct regions: (i) the previously described S1 RNA-binding domain (24) , (ii) a 5 0 sensor region, (iii) an RNase H domain, (iv) a DNase I domain and (v) a 'Zn-link' that forms a metal-sharing interface required for oligomerization (25) . RNase E binding to the 5 0 -monophosphate group of an RNA substrate leads to stimulation of catalytic activity in vitro (26, 27) and is facilitated by the interaction between the 5 0 sensor region and the RNase H domain (23) .
Since the catalytic site and the 5 0 sensing region of RNase E are physically separated as shown by the crystal structure (23) , the question arises as to how the status of the 5 0 end of the substrate is communicated to the active site. Callaghan et al. (23) have proposed a model in which 5 0 sensing is linked to catalysis through an allosteric change in the protein. According to this induced-fit hypothesis for catalysis, binding to the 5 0 monophosphate of an RNA substrate rearranges the 5 0 sensor pocket, which then interacts with the S1 domain causing it to clamp onto the RNA. This structural reorganization orients the phosphate backbone for an in-line attack on the scissile phosphate by a nucleophilic hydroxyl group. Based on the crystal structure and the proposed model for catalysis (23) , S1 domain mutants could potentially be rescued by compensatory amino acid changes in the 5 0 sensor region. In fact, genetic studies have demonstrated an important role for the S1 domain in the biological activity of RNase E. Specifically, the two well-characterized rne alleles (rne-1 and rne-3071) map within the S1 domain of the protein (at amino acids 66 and 68, respectively, Figure 1 ) (6, 28, 29) . The phenotypic properties of these mutants include inviability at elevated temperature along with defects in 5S rRNA maturation, tRNA processing, mRNA decay and processing of both tmRNA and the RNA subunit (M1) of RNase P (3,4,6-8,30,31).
E. coli also encodes a nonessential endoribonuclease, RNase G (product of rng), which is homologous to the N-terminal catalytic domain of RNase E (32, 33) . While both proteins share a 5 0 -end-dependent catalytic mechanism (34) , RNase G has much more limited in vivo substrate specificity (35, 36) . It is involved in the maturation of the 5 0 end of 16S rRNA and cleaves a very limited number of mRNA substrates (37) (38) (39) . However, it appears to play a very minor role, if any, in tRNA maturation (8, 35, 40) . In fact, it was during experiments designed to determine if RNase G could complement the loss of RNase E activity in an rne-1 mutant that we isolated temperature-resistant revertants at frequencies ranging from 0.3 Â 10 À8 to 7.0 Â 10 À8 (36). While such isolates were previously presumed to be true revertants and had never been systematically studied, here we show that the majority of these temperature-resistant revertants actually arise from intragenic second-site suppressor mutations that map within the rne sequence for the 5 0 sensor region of RNase E. These suppressors complement the conditional lethality of both the rne-1 and rne-3071 alleles. A unique feature of these intragenic second-site suppressor alleles is that they restore tRNA maturation and 9S rRNA processing to wild-type levels but do not rescue the defect in mRNA decay that is associated with the rne-1 allele. These mutants are thus distinct from the rne131 (20), rneD610 (3) and rneD645 (8) truncation alleles in which both tRNA maturation and mRNA decay are defective but 5S rRNA maturation is normal. Hence, these findings represent the first reported case in which the activity of RNase E on tRNA and mRNA substrates has been dissociated in vivo. In addition, computer modeling of the altered protein structures suggests a complex interaction between the S1 domain and the 5 0 sensor region of the protein.
MATERIALS AND METHODS

Bacterial strains, plasmids and plasmid displacement
The E. coli strains used in the study (Table 1) were all derivatives of MG1693. pSBK29 (Cm r Ap s ) was constructed by cleaving pWSK29 (41) with ScaI and inserting a 0.8 kb Cm r cassette derived by cleavage of pKRP10 (42) with HincII. In many cases strains were constructed using the plasmid displacement technique described by Ow et al. (3) .
Growth of bacteria
All strains were grown in Luria broth supplemented with thymine (50 mg/ml). When needed, antibiotics were added to the cultures at the following concentrations: kanamycin, 25 mg/ml; chloramphenicol, 25 mg/ml; ampicillin, 100 mg/ml and spectinomycin, 25 mg/ml. Growth curves were carried out either at 378C or by shifting to 448C cultures initially grown at 308C, after they had reached approximately 40 Klett units (No. 42 green filter) above background. For growth curves, cultures were maintained in exponential phase by periodic dilutions with fresh prewarmed medium.
Isolation and identification of intragenic suppressor alleles
and SK6610 (rne-1 recA56) were grown for 30-50 generations in Luria broth at 378C. Subsequently, $10 8 cells from each culture were spread onto individual Luria agar plates and incubated at 448C for 36 h. Colonies that grew at the nonpermissive temperature were purified and retested by replica plating for their ability to grow at 448C. In the case of SK2585, SK2593 and SK2594, temperature-resistant isolates were transformed either with pSBK29 (Cm r ) to displace pUGK24 or with pBR325 (Cm r ) to displace pUGK31, the resident plasmids carrying the rng + gene. The ability of the transformants to grow at 448C in the absence of either pUGK24 or pUGK31 indicated that the potential suppressor mutations were on the chromosome. To rule out the possibility that the rne-1 allele had reverted to wild-type, we initially sequenced the region of rne gene spanning the site of rne-1 mutation from six independent temperature-resistant isolates. In all cases, the rne-1 mutation was retained.
Subsequently, the entire rne-coding sequence along with its promoter region was amplified from eleven independent isolates (four derived from either SK2585, SK2593 or SK2594 and seven obtained from SK6610) using PCR and cloned into pWSK129 (41) as described in the next section. Each new plasmid was then transformed into SK6610 (rne-1 recA56) and the ability of the resulting transformants to grow at 448C was determined by replica plating. In every case, the transformants formed colonies at the non-permissive temperature suggesting that the suppressor mutations were on the cloned DNA segment.
To precisely identify the mutations, we amplified the rne gene along with its promoter region from genomic DNA of all eleven independent isolates and subjected them to automated sequencing using an Applied Biosystem 3730xl DNA Analyzer.
Molecular cloning and site-directed mutagenesis
Genomic DNA from strains SK2580, SK2747, SK2748 and SK9789 was used as templates in PCR reactions to amplify the rne gene along with its promoters. Amplification was done with primers rne1014 ( The megaprimer PCR method for in vitro mutagenesis (43) was used to introduce the rne-172, rne-186 or rne-187 point mutations into plasmids pUGK19 (rne + ), pUGK20 (rne-1) or pUGK46 (rne-3071). The PCR products were subsequently cleaved with EcoRI and SphI and cloned into pUGK19, pUGK20 or pUGK46, respectively, which had been linearized with the same enzymes to generate pHK6 (rne-1/172), pUGK36 (rne-187), pUGK43 (rne-186), pUGK34 (rne-1/187), pUGK 42 (rne-1/186) and pUGK47 (rne-3071/187). The resulting plasmids were then transformed into SK6610 (rne-1 recA56). Subsequently, these plasmids were also transformed into SK9714 [rneD1018/pSBK1 (rne + Cm r )] and the resident pSBK1 (rne + Cm r ) plasmid was displaced to generate the strains used in this study ( Table 1 ). The nucleotide sequences of the mutagenic primers used to generate point mutations are shown in Table 2 .
To construct single-copy plasmids carrying various rne alleles used in this study, the multiple-copy plasmids, pHK2, pHK5, pHK6 and pUGK36 were cleaved with EcoRI and NotI and each rne-containing fragment was cloned into pMOK40 that had also been digested with these two enzymes (8) . The resulting plasmids, pHK4, pHK7, pHK8 and pUGK44, respectively, were transformed into SK9714 [rneD1018/pSBK1 (rne + Cm r )]. The resident pSBK1 plasmid was subsequently displaced with pWSK129 (Km r ), based on plasmid incompatibility, to generate the strains used in this study.
RNA preparation and northern analysis
Total RNA was extracted and northern blot analysis carried out according to the procedures of O'Hara et al. (44) and Burnett (45) . To visualize tRNA and 9S rRNA processing, 5.0 mg of total RNA from each sample (except for 7.5-10 mg for the rne-1 strains in the tRNA northerns) were electrophoresed in 8% polyacrylamide/ 7 M urea gels. For mRNA half-life determinations, (41) either 6% polyacrylamide/7 M urea or 1.2% agarose/ glyoxal gels were used. For assays of tRNA maturation, total RNA was extracted from cultures that had been shifted from 378C (at a cell density of 1.0 Â 10 8 cells/ml) to 448C for 2 h. Probes for the 5S rRNA (46) and the tRNAs (8) were oligonucleotides complementary to the mature species and were 5 0 -end-labeled with g-32 P-ATP and T4 polynucleotide kinase (New England Biolabs, Ipswich, MA, USA). The DNA probes used for the mRNA half-life experiments were 32 P-labeled using random primers as specified by the supplier (Ambion, Austin, TX, USA). Northern blots were scanned with a PhosphorImager scanner (Storm 840, GE Healthcare, Piscataway, NJ, USA) and quantified using ImageQuant 5.2 software. Half-lives were determined by linear regression analysis.
Western blot analysis
Western blot analysis was performed essentially as described in Ow et al. (3) . Cell lysates were prepared from cultures growing exponentially at 378C or shifted at mid-log from 378C to 448C for 1 h. Total protein (10 mg/ lane) was electrophoresed in 6% SDS-PAGE gels and electrotransferred onto Immobilon-P membranes (Millipore). The RNase E protein was detected using ECL Plus western analysis system (GE Healthcare) with a rabbit anti-RNase E MAP antibody (1:2000 dilution) raised against the first 20 amino acids of the N-terminus (3).
Computer modeling of the suppressor mutations
Three PDB entries (2bx2, 2c4r and 2c0b) derived from the work of Callaghan et al. (23) with coordinate information for the catalytic domain of RNase E were selected as homologous templates for molecular modeling using Geno3D (http://geno3d-pbil-ibcp.fr), an online homology modeling tool (47) . For the altered RNase E proteins, the inter/intra molecular (dihedral angle and distance) restraints ratios were set to 0.9. The margins in distance restraints and angle restraints were set at 0.5 Å and 1.08, respectively. The maximum number of distance restraints was 20 000. Three models were generated and the model with the lowest free energy was used in this work. In this model, 0.4% of the residues occupied disallowed regions of the Ramachandran plot. The root mean square deviation (RMSD) between this model and the templates ranged from 1.46 to 1.57 Å . The lowest free-energy model for the altered RNase E proteins and the 3D structure of wild-type RNase E were analyzed and viewed with PyMol (http://pymol.sourceforge.net/).
RESULTS
Isolation of second-site suppressors of the rne-1 allele
In previous experiments, we attempted to determine if overexpression of RNase G [a homologue of RNase E in E. coli (32) ] could complement the loss of RNase E activity (36) . Since SK6610 (rne-1 recA56) and SK5665 (rne-1) are both temperature sensitive for growth, we transformed them with either pUGK24 (rng + , 6-8 copies/cell) or pUGK31 (rng + , 30-50 copies/cell) and tested for the ability of transformants to grow at 448C. When neither plasmid complemented the conditional lethality associated with the rne-1 allele, we tried a different approach. We transformed a strain that carries the rneD1018 deletion allele (SK9714) and a pSC101 derivative containing rne + (3) with pUGK24 (pSC101) and tried to displace the resident rne + plasmid, based on the incompatibility of the two plasmids.
Although neither approach led to complementation, we hypothesized that it might be possible to obtain spontaneously arising suppressors of the rne-1 allele that would allow cells to grow at 448C. (36) . When purified and retested, these isolates grew at 448C ('Materials and methods' section). We subsequently chose four independently identified isolates for further analysis.
Since we hypothesized that at least some of the temperature resistant revertants arose from intragenic suppression of the rne-1 allele, we amplified the entire rne gene from four isolates using PCR and cloned them into pWSK129, a low-copy number vector carrying Km r (41) (See 'Materials and methods' section) to generate plasmids pHK1, pHK2, pHK5 and pHK6. After determining via replica plating that each of these plasmids complemented the rne-1 allele in SK6610 (rne-1 recA56) at 448C, we sequenced the entire rne regulatory and coding region from each plasmid. To our surprise, plasmids pHK1 and pHK2 each contained a G to T single nucleotide change resulting in an Arg to Leu substitution at amino acid 187 (Figure 1) . Plasmid pHK5 carried a T to G nucleotide change causing a Phe to Cys substitution at amino acid 186, while pHK6 contained a G to C mutation that resulted in a Gly to Ala substitution at amino acid 172 ( Figure 1 ). All four clones also retained the original rne-1 mutation.
In order to establish that the isolation of these apparent intragenic second-site suppressor alleles was not dependent on the presence of a plasmid carrying the rng + gene, we repeated the experiment using SK6610 (rne-1 recA56). The entire rne + gene and promoter region was cloned and sequenced from seven independently isolated temperature resistant revertants as described above. From these seven independent isolates we identified one true revertant of the rne-1 allele as well as the same three suppressor alleles described above (data not shown).
For detailed in vivo analysis of the double mutants, plasmids pHK2, pHK5 and pHK6 were transformed The mismatched nt in each mutagenic primer is shown in bold.
into SK9714 (rneD1018/rne + ) to determine if they could support cell viability in the complete absence of RNase E activity. All three plasmids displaced the resident plasmid pSBK1 carrying the wild-type rne + gene, generating strains SK2742 (rneD1018/rne-1/187), SK3221 (rneD1018/ rne-1/186) and SK3222 (rneD1018/rne-1/172). Subsequently, the inserts containing the entire rne gene along with its promoter sequences were transferred from pHK2, pHK5 and pHK6 (6-8 copies/cell) and cloned into a single copy vector (pMOK40) (8) to generate pHK4 (rne-1/187), pHK7 (rne-1/186) and pHK8 (rne-1/172), respectively. These plasmids were also able to support cell viability in the rneD1018 deletion strain at both 37 and 448C.
To verify that the rne-172, rne-186 and rne-187 alleles were solely responsible for suppression of the growth phenotype associated with the rne-1 mutation, we introduced the same point mutations individually into pUGK20 (rne-1) using site-directed mutagenesis. The resulting plasmids were then transformed into SK6610 (rne-1 recA56). The plasmids generated by site-directed mutagenesis containing the rne-1/187, rne-1/186 and rne-1/172 double mutations all supported cell viability at 448C (data not shown).
Growth properties of strains containing the rne-1/172, rne-1/186 and rne-1/187 double mutations
In order to establish how well the rne-172, rne-186 and rne-187 alleles suppressed the growth deficiency of an rne-1 mutant at 448C when present in 6-8 copies/cell, we grew cultures of SK9714 (rne + ), SK3222 (rne-1/172), SK3221 (rne-1/186), SK2742 (rne-1/187) and SK9937 (rne-1) at 308C in Luria broth and then shifted the exponentially growing cultures to 448C. While the rne-1 mutant stopped growing within 2 h after shift to 448C as previously observed (3), the three strains containing the different double mutants continued to grow, albeit with slightly longer generation times than the wild-type control ( Figure 2A , Table 3 ). SK3221 (rne-1/186) consistently grew slower than either SK3222 (rne-1/172) or SK2742 (rne-1/187) ( Table 3) . When we performed a similar experiment with the double mutations present on single copy plasmids, the generation time of the rne-1/186 double mutant (SK3223) was 68 min at 448C compared with 32 min for the rne + control (SK10143, Figure 2B , Table 3 ). In contrast, the rne-1/172 (SK3224) strain was intermediate in growth, while the rne-1/187 (SK3208) isolate grew at a rate almost identical to the wild-type control strain (SK10143) ( Table 3) .
We used site-directed mutagenesis (see 'Materials and methods' section) to construct plasmids carrying either rne-186 or rne-187 single mutants. Somewhat surprisingly, the growth of strains carrying these alleles in multiple copies was indistinguishable from that of SK9714 (rneD1018/rne + ) at 448C (data not shown). In addition, the growth rates at 378C of strains carrying single copies of the individual suppressor alleles were also comparable to those of the corresponding strains carrying rne + (data not shown), suggesting that the rne-186 and rne-187 alleles did not significantly affect RNase E activity. We did not test the rne-172 allele.
The suppressor alleles do not restore autoregulation of RNase E at 448C
Since RNase E autoregulates its own synthesis via a feedback loop that involves controlling the rate of degradation of its mRNA, alterations in RNase E activity caused by mutations such as rne-1 lead to increased protein levels at both 37 and 448C (3, 21) . Accordingly, we tested if autoregulation of RNase E levels at 448C was restored by the intragenic second-site suppressor alleles. Quantitative western blot analysis of RNase E protein levels at both 44 and 378C was performed in strains carrying the rne + , rne-1, rne-1/187, rne-1/186 and rne-1/172 alleles in 6-8 copies (data not shown) or in single copy/cell (Figure 3) . At 448C there was a 6.9-fold increase in the amount of the full-length protein in the rne-1 strain compared to rne + strain (Figure 3, lanes 1 and 2) . Strikingly, the RNase E levels in all three double mutants were similar to those observed in the rne-1 single mutant ( Figure 3, lanes 2-5) . In contrast, the protein level in the rne-187 and rne-186 single mutants were experimentally equivalent to what was observed in the wild-type strain, suggesting that autoregulation was unaffected in either single mutant (data not shown). When we carried out an identical experiment at 378C, the levels of the RNase E protein were equivalent for all the strains except rne-1, suggesting that autoregulation was restored by the intragenic second-site suppressors at 378C (data not shown). In the case of rne-1 strain there was a small, but reproducible increase in the amount of both full-length and breakdown products (data not shown).
mRNA decay remains defective in the double mutants
RNase E plays a central role in the endonucleolytic initiation of decay of a wide variety of cellular mRNAs (3,5), a role that has historically been viewed as its quintessential in vivo function (48) . The failure of the suppressor mutations to restore normal autoregulation of RNase E protein levels at 448C (Figure 3 ) suggested that the altered enzymes were probably still defective in their ability to initiate the endonucleolytic decay of specific mRNAs. To test this hypothesis directly, we measured the half-lives of three known RNase E-dependent transcripts, cpsE, rpsT and rpsO (49-51) at 448C in strains carrying single copies of the rne + , rne-1, rne-1/187, rne-1/186 and rne-1/172 alleles. In agreement with previously reported results (3, 36) , the half-life of the major rpsO P1-t1 transcript (52) increased significantly from 2.8 min in the rne + control to 10.9 min in the rne-1 single mutant (Table 4) . Surprisingly, the half-life of this transcript increased further in the rne-1/187 double mutant to 16.3 min. In contrast, the half-life of the rpsO P1-RIII transcript was almost the same in the two mutant strains and was higher than in the rne + control. The half-lives of the cspE and rpsT mRNAs in the rne-1/187 double mutant were also similar to the rne-1 single mutant (Table 4) and were 2-4-fold longer than in the rne + control. In the rne-1/186 and rne-1/172 double mutants there was a marginal reduction in the half-lives of the rpsT and cspE transcripts relative to the rne-1 single mutant (Table 4) , but the half-lives were still 2-to 3-fold longer than in the rne + control. Although the mRNA half-life data directly correlated with the failure of the suppressor alleles to restore normal autoregulation of RNase E protein levels in all three double mutant strains Figure 3 . Western blot analysis of RNase E levels in various strains. Total protein was isolated from each of the strains after they had been shifted to 448C for 60 min as described in 'Materials and methods' section. RNase E was detected with a MAP antibody directed against the first 20 amino acids of protein (3) and was detected using the ECL Plus system (GE Healthcare). Quantitation was obtained using a Storm 840 PhosphorImager (GE Healthcare). The relative amount of RNase E in each strain as compared to the rne + control represents the average AE SEM (n ! 3). All alleles were in single copy/cell in a strain carrying the rneD1018 deletion allele in the chromosome. Lane 1, SK10143; Lane 2, SK10144; Lane 3, SK3208; Lane 4, SK3224 and Lane 5, SK3223. ( Figure 3) , it did not correlate with the generation times reported in Table 3 .
5S rRNA processing is restored to wild-type levels in the double mutants
RNase E was initially discovered based on its role in the maturation of 5S rRNA from a larger 9S rRNA precursor (6) , such that unprocessed 5S rRNA precursors accumulate in an rne-1 mutant at the nonpermissive temperature (3, 6) . To determine if 5S rRNA precursors were processed with increased efficiency in the presence of the intragenic second-site suppressor mutations, we prepared total RNA from strains carrying single copies of the rne + , rne-1, rne-1/172, rne-1/186 and rne-1/187 alleles after growth at 448C for 2 h and used northern analysis to measure the processed fraction (PF) for 5S rRNA. As shown in Figure 4 , the Processed Fraction (PF) values of mature 5S rRNA in all three double mutants were essentially identical to that observed in the rne + control.
tRNA maturation is restored in the double mutants
RNase E is required for catalyzing the conversion of some polycistronic tRNA transcripts into pre-tRNAs that undergo further processing by RNase P and various 3 0 ! 5 0 exonucleases (7, 8) . In fact, it has been hypothesized that RNase E is essential for the cell because of its role in tRNA maturation (8) . To determine if the altered RNase E proteins were able to process precursor tRNAs, we examined the maturation of tRNA Pro , tRNA
His and tRNA Cys in strains carrying single copies of the various rne alleles. We chose these tRNAs because their maturation has been shown to be highly dependent on RNase E, and there is significant accumulation of their precursor species in an rne-1 strain (8). Total RNA, from rne + , rne-1, rne-1/172, rne-1/186 and rne-1/187 strains was obtained after shifting exponentially growing cultures to 448C for 2 h. As expected, northern blot analysis demonstrated that the maturation of each tRNA species was significantly impaired in the rne-1 mutant compared to the wild-type control ( Figure 5A and B and data not shown). For example, the PF values of tRNA Cys and tRNA His decreased 2.6-and 4.3-fold, respectively, in the rne-1 strain ( Figure 5A and B) . In contrast, all three intragenic second-site suppressor alleles led to an almost complete restoration of rne + tRNA maturation levels as measured by the PF value of each transcript ( Figure 5A and B and data not shown).
The rne-187 mutation also suppresses the conditional lethality associated with the rne-3071 allele To determine if the suppression of the growth deficiency at 448C associated with the rne-1 mutation was an allelespecific effect rather than a more general phenomenon, we examined the ability of rne-187 to suppress the conditional lethality of the rne-3071 allele, a different temperaturesensitive mutation that was originally identified by Apirion and coworkers (53, 54) . This particular allele arose from a Leu to Phe amino acid substitution at position 68 (29) , which also lies within the S1 RNA-binding domain of RNase E (23, 24) , and is two amino acids downstream of the change associated with the rne-1 allele (Figure 1 ). To carry out this experiment, plasmids pUGK46 (rne-3071) and pUGK47 (rne-3071/187) were constructed as described in the 'Materials and methods' section. Both plasmids were subsequently introduced into the rneD1018 genetic background (SK9714). As expected, when a culture of SK3742 (rneD1018/rne-3071) was shifted to 448C, growth ceased within 180 min (Figure 2A ). In contrast, SK3743 (rneD1018/rne-3071/ 187) continued to grow with a generation time comparable to a wild-type control, demonstrating that the rne-187 allele suppressed both the rne-1 and rne-3071 mutations (Figure 2A ).
Predicted molecular interactions among the rne-1, rne-172, rne-186 and rne-187 alleles
The existence of a three-dimensional structural model for the catalytic region of RNase E based on X-ray crystallography (23) allowed us to generate models of the variant Figure 4 . Analysis of 9S rRNA processing in various strains. Total steady-state RNA was isolated from the various strains after the cultures had been shifted to 448C for 120 min as described in 'Materials and methods' section. Five micrograms of total RNA was loaded in each lane of an 8% polyacrylamide/7 M urea gel. The northern blot was subsequently probed with an oligonucleotide specific for the mature 5S rRNA (55) . PF (processed fraction) denotes the fraction of the mature 5S rRNA relative to the total amount of both processed and unprocessed species in each specific genetic background. All alleles were in single copy/cell in a strain carrying the rneD1018 deletion. The data shown represents the average AE SEM (n ! 3). Lane 1, SK10143; Lane 2, SK10144; Lane 3, SK3208; Lane 4, SK3224 and Lane 5, SK3223.
RNase E proteins using Geno3D (http://geno3d-pbil. ibcp.fr), an online homology modeling tool (47) . By using distance geometry, simulated annealing and energy minimization, this algorithm builds protein 3D models to satisfy spatial restraints derived from the empirically determined structures of homologous proteins. Three experimentally determined structures of the E. coli RNase E catalytic domain (23) were selected as homologous templates for molecular modeling (see 'Materials and methods' section). The overall predicted structures of RNase E from various double mutants were very similar to that of the native protein (data not shown). Structural differences among wild-type and the three altered proteins appeared to be localized to regions of the respective amino acid substitutions ( Figure 6A ). All three second-site suppressor alleles identified here (rne-172, rne-186 and rne-187) mapped within the 5 0 sensor region of the protein. Interestingly, the affected residues were not located close enough to amino acid 66 (Ser) in the S1 domain to have any direct interactions ( Figure 6A) . Furthermore, none of the altered residues appeared to be directly involved in physical interaction with the 5 0 termini of RNA substrates ( Figure 6B ).
DISCUSSION
We have described here for the first time intragenic second-site suppressor mutations within the RNase E gene that lead to complementation of the conditional lethality associated with both the rne-1 and rne-3071 alleles (4, 6, 28, 29, 55) . Strikingly, however, only a subset of the phenotypic defects associated with the loss of RNase E activity were complemented. Specifically, the maturation of tRNA Cys , tRNA
His and tRNA Pro and the processing of the 9S rRNA precursor into p5S rRNA returned to wild-type levels in all three mutants (rne-1/ rne-172, rne-1/186 and rne-1/187, Figures 4 and 5) , while mRNA decay remained as defective as observed in the rne-1 single mutant (Table 4 ). In fact, in some cases the half-lives of the three RNase E-dependent mRNAs tested (cspE, rpsO and rpsT) were longer than those observed for the rne-1 single mutant (rne-1/187, Table 4 ). These results, taken together with the failure to restore normal autoregulation of intracellular RNase E levels (Figure 3) , demonstrate that mRNA decay remains very defective even when tRNA maturation and 9S rRNA processing have been restored to wild-type levels.
These observations are in contrast to results derived from a series of rne truncation alleles (rne131, rneD610 and rneD645) that encode proteins that lack 477, 609 and 644 amino acids, respectively, from their carboxy termini (3, 8, 20) . In strains carrying these alleles, 9S rRNA processing is normal but both mRNA decay and tRNA maturation are very defective (3, 8, 20) . Thus, the rne-1/rne-172, rne-1/186 and rne-1/187 mutants represent the first example of strains in which the activity of RNase E on mRNA and tRNA substrates can be distinguished in vivo. Even though we tested only the growth properties of the rne-3071/187 (Figure 2A) , we hypothesize that the rne-187 allele works similarly in both cases by restoring in part the ability of the S1-binding domain to interact normally with tRNA and rRNA substrates. This conjecture is based on the fact that both the rne-1 and rne-3071 alleles fall within the S1-binding domain and are only two amino acids apart.
Although the mRNAs examined here were only a small sample of the E. coli transcriptome, they represent wellcharacterized in vivo substrates of RNase E. Furthermore, the fact that the rne-1/187 strain had a generation time at 448C that was almost identical to the wild-type control (Table 3 ), but was still very defective in mRNA decay, suggests that defects in the initiation of mRNA decay by RNase E do not have a major impact on cell viability. Further support for this conclusion comes from the recent identification in E. coli of RNA 5 0 pyrophosphohydrolase (RppH), encoded by the rppH gene (56) . RNase E activity is known to be significantly stimulated by the presence of a 5 0 phosphomonoester on the substrate, and conversely is strongly inhibited by a 5 0 triphosphate terminus. In vivo, RppH catalyzes the conversion of 5 0 triphosphorylated transcripts into 5 0 phosphorylated species, which are then efficiently degraded via an RNase E-mediated decay pathway. As expected, in an rppH deletion mutant, where removal of the 5 0 triphosphate from primary transcripts is blocked, the decay of hundreds of mRNAs was defective yet the strain grew as well as the rne + control (56) . In contrast, the growth rate of E. coli has been shown to be highly dependent on the availability of major tRNAs cognate to the preferred codons of the genes encoding the highly expressed proteins in rapidly growing bacteria (57, 58) . In fact, it has been argued that initiation of the processing of polycistronic tRNA precursors is the critical function of RNase E (7, 8) . Furthermore, recent experiments examining tRNA maturation in an rne deletion strain have shown that for at least some tRNAs, such as tRNA His , tRNA Pro and tRNA Cys , little if any of these mature species would be produced in the absence of RNase E (59) . Clearly the cell would not survive under these circumstances. Thus, the observation that the rne-172, rne-186 and rne-187 alleles suppressed the growth defect at 448C associated with the rne-1 allele and concomitantly restored normal tRNA maturation (Figures 2  and 5 , data not shown), provides the best direct support to date for the hypothesis that tRNA maturation is an essential biological activity of RNase E, even though one report has argued that this is not the case (35) .
It is important to note that there are other possible essential function(s) for RNase E that cannot be unequivocally ruled out at this time. For example, the inability of RNase E to process or degrade one of the many small regulatory RNAs in the cell (60,61) could either inhibit an essential pathway or result in toxicity due to a protein whose intracellular level is normally under tight regulation. Another potential explanation relates to a recently implied structural role for RNase E. The full-length RNase E was identified immunologically by an antibody against the yeast actin-like protein Hmp-1 (62) . Furthermore, it has been suggested that full-length RNase E forms helical-like structures as part of the cell's cytoskeleton (63) . Thus it is conceivable that RNase E is necessary for some aspect of cytoskeleton formation that is essential for cell viability, although the existence of extensive RNase E truncation alleles (3, 8, 20) that are viable tends to discount this hypothesis. Finally, it should be emphasized that the essential role of RNase E in tRNA maturation is not mutually exclusive with some other additional critical function(s) for the enzyme. Further experiments will be required to unequivocally determine the primary requirement for RNase E in cell viability, but clearly these mutants provide an important new tool for examining the substrate specificity of RNase E.
Is it possible to explain the second-site suppressors by employing molecular modeling based on the crystal structure (23) of the catalytic region of RNase E? RNase E prefers RNA substrates containing 5 0 phosphomonoesters over those with a 5 0 triphosphate both in vivo and in vitro (27, 34, 56, 64, 65) . The terminal monophosphate of the substrate forms hydrogen bonds with the side chain and peptide amide of Thr 170 and the guanidino group of Arg 169, the latter of which is then consolidated by a hydrogen bond in the neighboring strand to the peptide carboxyl of Gly 124 (23) . Concomitantly, the side chain of Val 128 engages in hydrophobic interaction with the terminal base of the RNA substrate. These interactions organize the 5 0 sensing pocket allowing it to interact productively with the S1 domain.
The S1 domain in turn clamps down on the RNA downstream from the region of initial binding to the 5 0 terminus for the subsequent cleavage at the scissile phosphate bond by the active hydroxyl group (23) . Within the S1 domain of RNase E, Phe 67 makes a stacking contact with the aromatic face of the first base after the cleavage site. The computer model suggests that with a Gly 66 to Ser substitution in the S1 domain (rne-1 allele), the Ser moiety pushes Phe 67 closer to the RNA substrate (data not shown). This alteration changes the position of the RNA molecule within the binding site at 448C resulting in altered interactions of the substrate with other amino acids leading to a loss of catalytic activity at the elevated temperature. Alternatively, since the È,É backbone angles of glycine are not permitted for serine, a Gly ! Ser substitution can potentially result in destabilization of a protein fold if the glycine occurs at the region of a turn. Whether this substitution indeed destabilizes the S1 fold of RNase E, rather than merely changing its interaction with RNA, will require further experimental verification. However, we feel that any gross destabilization of the S1 domain, due to the rne-1 mutations, seems less plausible since this tends to make suppression with single amino acid substitutions much less likely.
Our computer model suggests that with Gly 172 replaced by Ala (rne-1/172), the spatial relationship of Thr 170 and Arg 169 changes such that the proximity of the 5 0 phosphate to the Arg side chain is closer to what is found in the wild-type protein ( Figure 6B ). This modification probably compensates for the effect of the original mutation in the S1 RNA-binding domain. With the Arg 187 to Leu substitution (rne-1/187), Leu 187 can engage in hydrophobic contacts with Leu 122 and 129, potentially resulting in a more stable structure than is possible with Arg in this position (data not shown). This may indirectly affect the interaction of Val 128 with the RNA substrate and the function of Gly 124. Since Phe 186 is located on the outer surface of a helix that is on the outside of the protein (Figure 6A ), the Phe 186 to Cys substitution may change the surface entropy and the interaction of the protein with the solution (data not shown).
Interestingly, all of the altered residues are located in the 5 0 sensing region of the enzyme ( Figure 6A ) and none of them directly interact with the 5 0 terminus of an RNA substrate. Nevertheless, since the 5 0 sensor domain engages in interactions with the RNA substrate, these substitutions may cause residues in direct contact with substrates to subtly alter their positions relative to the RNA. Such structural modulation in turn can compensate for the altered interaction with the RNA substrates that occur at 448C in the rne-1 and rne-3071 mutant proteins. One puzzling feature of these mutants is that activity of RNase E on tRNA and rRNA precursors is restored to almost wildtype levels, while mRNA decay remains as defective as observed in the rne-1 single mutant. We hypothesize that the more highly structured nature of the tRNA and rRNA substrates may explain the difference in activity, but the actual mechanism of action of these second-site suppressors will require structural analysis of the mutant proteins bound to either a tRNA or mRNA substrate.
Finally, any discussion of RNase E activity needs to take into account the RraA protein, an inhibitor of RNase E activity (66) . Protein-protein interactions between RraA and RNase E affect the half-lives of a large number of E. coli mRNAs (66) . Conceivably, the defective mRNA decay observed here with the various double mutants could arise from a change in the interaction of RraA and RNase E. However, this does not appear likely since the interaction of these two proteins has been shown to only require the C-terminal portion of the RNase E protein (66) and all three intragenic suppressor alleles map in the 5 0 sensor region and do not appear to affect the global structure of RNase E.
